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MDI R INS OF CONFOMATIONAL MUILIBRIA IN SUB8TITM MD AUB"

9. S, dutowsky, Geneva G. BellOW!j, And P. i. KchaonO

boyes Chemical Laboratory, University of Illiinois

Urbana Illinois

Proton and fluorine magnetic resonance spectra have been observed in

twelve liquid polysubstituted ethanes over temperature ranges of 2500 to

4500 K6 in each Of these compounds, reorientations about the C-C bond are

fast enough to yield high resolution nmr spectra which are averages of the

three rotational isomers. The change in the proportions of the isomers with

temperature is large enough for CHC1aCHCla, CHClgCHF&, CFgClCFCl 3 ,

CHCl2CHFCl, And CFaBrCFBrCl, and also CFCl 2 CHCig for which JHF> has been re-

ported, to permit a least-squares type analysis of the averaged shifts (Vk>

and coupling constants (3) with a high-speed digital computer. The latter

evaluates the physical parameters, three or five depending upon molecular

symmetry, which govern the temperature dependence of <Y> and (J). These pa-

rameters, in our approximation, are the values of the spectral quantity in

question for each of the "rotamers, and the relative energies aZ of the lat-
ter. This procedure could not be applied to CH 2CH 2(CO0), CflraCIIBr,

HH
CH20CH2Cl and CHa2CH2Br for which LE is sufficiently small that (J is

virtually temperature independent. However, an approximation was developed

for obtaining such small 41's (35 to 90 cal) by assuming ( o g) to be an

average of values found in other compounds. A similar approximation was used

for solutions of three CHXYCHYZ compounds in which B is large, -vlO00 cal,
HH

but thermal decompos~tion prevented measurements of <3 vicd over a large

enough temperature range. In addition, a's were determined for CHCl2 CHFR

and CHCl 2 CHFCI by analyzing the dependence upon solvent of infrared absorp-

tion bands assigned to trans and g rotamers.
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There is fair to excellent agreement between values for a given &Z ob-

tained from different nmr observables and also from vibrational spectra. The

results from chemical shift data appear to be least reliable, because of mo-

lecular association effects. Also, experimental errors are compounded when

second order perturbations prevent measuring (9?or (J > directly as a split-

ting in the spectrum. The bE' S in new cases appear compatible with previous

results in their dependence upon steric factors and electric dipole

interactions.

The vicinal coupling constants obtained for the individual rotamers are

alike for H-H, H-F, and F-F in that they are smaller in magnitude when the
nuclei are gauche to one another, i.e. J 1 4 Jtj, and there are instances

HF

in which J and J are of opposite as well as of like sign. J and JtHF

g -t FF gem t
are of the same sign. 4Jgem and 'Jgem) have temperature independent values

of 49.1 + 0.2 and 166.8 + 0.5 cps in CHCl2CHFCl and CF2 BrCFBrCl, respective-

ly. Other numerical values found are, for H-H: J + 2.0 to + 2.6(4), t
9 . -

10.2 to 16.5(3); for H-F: J + 13.2 to + 2.8(3), Jt 37.3 to 18.2(2); and for

F-F: J+ 5.3 to t21.2(5), 38.7 to 41.6(3). All are in cps with the

number of results given in parentheses.

The nmr methods developed appear to be very versatile in principle.

With improved instrumentation, higher quality data, and a better understand-

ing of the factors which can affect the results, nmr may well be the best ap-

proach to 4X for liquid or even gaseous molecules containing hydrogen or

fluorine. Certainly, such studies are useful in establishing the dependence

of nmr parameters upon rotational configuration.
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i. ntroduction

Earty Studies of configurational isomerism utilized dielectric constant measure-

ments and vibrational spectra. The results of most such work have been summarized by

Mizushima.1 Problems Studied include the energy differences and potential barriers be-

tween the various forma and the dependence of these quantities upon substituents, the

nature of a solvent, the state of the Sample, and similar factors. The basic question,

which remains in large part, is the nature of the forces restricting intramolecular mo-

tions. Other means of making such studies have been provided'5 by the advent of high

resolution nuclear magnetic resonance. The present work is concerned primarily with

the extension of these techniques to the rotational isomerism of some substituted

ethanes. '7

The energetically favored forms, or rotamers, are the staggered configurations 1

shown below for the general case. The factors governing the appearance of the nur

A A A

z x

C 4s C 4-1 C 4
v x Z

(I) (2) (3)

spectra include the relative energies of the rotational isomers, the potential barriers

to internal rotation about the C-C bond, and the chemical shifts and coupling constants

characteristic of each isomer.2'3 These quantities can be obtained most completely and

directly for a compound if the potential barriers are high enough that the nmr spectrum

at lower temperatures is a superposition of spectre for the several rotamers. However,

In most substituted ethanes, rotational averaging occurs, which simplifies the spec-

trum2'3 and reduces its information content. This is the case for the ethanes we have

investigated, and one of our major concerns was to see how much information could none-

theless be obtained.
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in these compounds, the experimentally observed average resonance frequency or

th
chemical shift for the i-t nucleus is given as

XI)i+X 2$.i + xSYSi (1)

and the coupling constant between nuclei i and J, as

ij ij ij
x:Jl + x2 J2  + xsJ3  * (2)

The numerical indices refer to the rotamers, 1-3, and the x's designate the mole frac-

tions. The x' s, of course, may be expressed in terms of molecular properties. in par-

ticular, the potential energy of the molecule is a function of the dihedral angle

between say the C-A and the C'-X bonds, as shown schematically in Fig. 1 where the nu-

merical labeling of the three minima corresponds to the structural formulae given for

the rotamers. The relative energies of the rotamers are defined by setting

6-1  E -
Z3 and 41a = X2 - 13. Then, the ratio of the x's is given as

x:x 2 :x3 = Q' exp(-6E/RT):( 2 ' exp(- 2 /RT):q3 ' , (3)

excluding
where Q n' is the partition function for a particular rotamer njthe internal rotation

coordinate 0. Q' will differ somewhat for the three rotamers, but to a good approxima-

tion we can set Q4' - Qa' Q3' and eliminate them from Eq. (3). This permits the con-

version of Eq. (1) for the averaged chemical shift to the form

-1 -- _ , (i)
%0(~leP--p( I/.L + l,24 ex(m4 2/RT) + 1) (4&)

where r% is the internal rotation partition function for the three rotamers in thermal

equilibrium,

- exp(-411/]R) + exp(-L.2 /Kr) + 1 (5)

Similarly, Eq. (2) fcr the averaged 2cpiing zons-rant becomes

j ij, n Q¢-1 (J ' Ji e x ( .6 / R ) + J2aiexp(-a2/H) + Jsi3 (6)



1 2 3

AE, .Er-E2  A E2 uE2 -E3

- 7r 7

Fig. 1. The energy Qf a substituted ethane as a function of the dihedral angle 0be-

tween C-A and C'-X bands In A-CC'- group, with definitions of symbols used.
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Inspection Of Eqs. (5) and (6) shows that if the temperature dependence Of ( i)

and (Jij results oRIy from changes in the equilibrium proportions of the rotamers,

then in principle it should be possible to determine experimentally the relative

energies of the rotamers and also the chemical shifts and coupling constants char-

acteristic Of the individual rotamers.8 The general Case involves two energy terms

and three Chemical shifts or coupling constants (and sometimes more), and the func-

tional form is relativ4 complicated. However, the equations become simple for the

limiting values of < v1> and <J. > which are approached asymptotically at low and at
i 

iJ
high temperatures. The low temperature limit is, of course, / and J_ for the

n

stablest form, while the high temperature limit is the average Obtained by weight-

ing each form equally. Unfortunately, the changes in > and <J > observed and

predicted for the experimentally useful temperature ranges are modest, particular-

ly for protons, and good limiting values have not been obtainable by simple inspec-

tion of the experimental curves. Nonetheless, we have found that it is possible to

extract values for all of the unknowns, at least in favorable cases. The internal

consistency and reliability of the results leave much to be desired. But, the gen-

eral approach seems hopeful in view of instrumental improvements which can provide

experimental data of higher quality.

As yet, relatively little is known 2oncerning the dependence of chemical

shifts and coupling constants upon molecular conformation. For the substituted

ethanes, much attention has been given to the types of rnmr spectra to be expected

under various circumstances, 2 -65 9 '13 in part because of several errors9 "11 in early

reports on the subject. But as to specific cases, only the H-H' coupling in the

H-C-C'-H' group has been studied to any great extent. With the assumption of
tetrahedral H-C-C' angles, the dependence of JH, upon the dihedral angle 0 has been

calculated by valence bond methods' 4 to be of the form J;' ; 9cOu2 0 _ 0.3, in cps.

The qualitative correctness of this result is shown by several experimental studies,7Y 14 -18

the most pertinent of which-'- invcled altering the fractions of lifferent rotamers present

in several haloethanes at room temperature. This was accomplished by employing various sol-

vents of different polarity. Valies fcr the arpropriate x's and &E's were obtained from
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infrared spectra and were used in conjunction with experimental values for .JHI,) to

give two or more linear equations such as Eq. (2), with the Jnij as unknowns. in this

manner, approximate values ranging from 10 to 18 cps were found for Jt HH, the coupling

constant in the rotamer whbre the protons are trans (J in rotamer 2), and 1 to 3.5

Hps for J , the au-che rotamer (JAx in rotamers 1 and 3).

In the work reported here, we have been able to obtain more accurate values for

JtHH and J-m and also some values for the proton shifts in the individual rotamers.
t 9

Several fluoroethanes were studied in order to learn something about the O-dependence

of the H-F and F-F' coupling constants, and of the fluorine chemical shifts, in H-C-C-F

and F-C-C'-F groups. And, finally, the methods developed for analyzing the nmr data

give aE values Wit.! relatively small statistical errors in favorable instances. In two

cases we obtained bE values from infrared spectra, because of initial difficulties in

calculating AK as well as the J from the nmr data alone.

n

II.-. p arimental

The nmr spectra were observed with a Varian Associates Model V-4300-2 high resolu-

tion spectrometer equipped with the commercial Dewar inserts for 40 Mc and 60 Mc opera-

tion. The temperature of the sample was established by means of a copper-constantan

thermocouple placed close to the sample tube; this reading was corrected by means of a

calibration curve constructed by measuring simultaneously the temperature at this posi-

tion and that directly in a non-spinning sample. The temperatures are considered to be

accurate to within +10 .

Audiofrequency modulation of the magnetic field was used to produce sidebands for

calibration. The F1 9 chemical shifts between the compounds studied and the CFC1 3 ref-

erence are relatively large, and it was found convenient to use a double audio-

modulation procedure for their measurement. A fairly high frequency, about 2500 cps,

was used to place a sideband of the compound resonance close to that of the reference;

in addition, a low audiofrequency vas used in the normal manner, that is to calibrate

the sweep rtte.



All of the results reported for protons were obtained using a resonance frequency

of 60 W4; and those for FI, 40 Mc. The experimental values of chemical shifts and of

coupling ionstants given in the tables and plotted in the figures are averages of about

ten determinations and the errors shown are the standard deviations, with no allowance

for any possible systematic errors.

The infrared studies were carried out by means of a Perkin-Elmer Model 21 spec-

trOmeter on Samples at room temperature.

Most of the haloethane samples were obtained from various comnercial sources and

were used without further purification. The CHCl 2CHClg, CHg CHgBr, and CH2 %CH2 Cl were

from Eastman Kodak Co.; the CHC1 2 CHFCI, CHCl 2 CHF2 , CF2BrCYBrCl, and CHBr 2 CH2 Br were

from K and K Laboratories, Jamaica, N. Y.; and the CF2 CICFClg (Freon 113) was from the

Matheson Co. The remaining samples, of phenyl-haloethanes, came from the local stock

of chemicals synthesized in connection with organic research; some of these samples re-

quired repurification.

III. Mathemitical Analysis of the Data

NMR Experiments

The fitting of Zqs. (4 ) and (6) to the observed temperature dependence of K4?and

(ij) presents some computational difficulty because of the exponentials in the unknown

b 's. Initially, efforts were made at Ohand solutions', using a desk calculator and

also graphical methods. However, the work is tedious even when the two gauche forms, 1

and 3, are identical and the unknown parameters are reduced from five to three,

= !a - Z3w t - I, and Jt and Jg or t and I,. For this case, q. (6) takes the

form

2J + J texp(-42/RT)2 + ex( (/l

in which it is imp.cit that It > 1. If one assumes a value for aE, or if a reliable

result is available from another set of e,:periments such as infrared spectroscopy, then
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the coefficients of J and Jt in Eq. (7) can be calculated for each temperature,

T1 , ... Tk, at which there is an experimental value of (J>. This leads to a set of

k equations of the form

which is linear in the unknowns, J and Jt. The reduction to linear form permits the
g V

application of standard least squares methods to the evaluation of best trial values

for J and Jt" With these and 6E, it is possible to calculate (J> as a function of

temperature with Eq. (7) and to obtain thereby the sum of the squares of the deviations

of the experimental points from the theoretical curve. The sum is minimized by repeat-

ing the process with systematic variation of 6E4

The time consuming nature of the calculations led to the writing of a program to

do them on automatic digital computers.17 The program for the case of three unknown

parameters, e.g. Eq. (7), was written for the IBM 650. Calculations with this program

were sufficiently time consuming that it seemed advisable to write the general, five-

parameter program for the Illiac, a faster machine than the IBM 650. Even so, such

general solutions were time consuming ( -10 hrS ) in cases where the observed tempera-

ture dependence was relatively small and the er.rors in the data relatively large.

In a general sense, the mathematical problem is the following. Given a set of ex-

perimental values F versus T , and an analytical function F F(ap,'..,T) involving
we wilh to dete ine values of a,p,K,..y

the unknown parameters su, , .jstch that F is a *best fit"' to the experimental data

in the least squares sense. In other words, values of G, ,I,... are desired such that

the auxilliary function,

k - F(,P,,..Tk)]2  (9)

is a minimum. The programs written start with an initial set of trial parameters

czP, ... ; they calculate F(,Q' ...Tk), for instance Eq. (7); and then, ( according to

q. (9). The programs locate a minimum in f by stepping each of the parameters in
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turn, in the direction of deceasing, until a complete cycle produces no further de-

crease. This procedure gives equal. weights to the experimental points even though in

some sets of data the stanieard deviations of various points differ appreciably.

An initial version, of the five-parameter program attempted minimization by a gra-

dient, or 'steepest descenft', method. A characteristic of this method, however, is

that it tends to give erroz~eous results when the function minimized is a =er Slowly

varying function of one of the variables. Unfortunately, this Occurs in the cases

treated below, the bad vartziable being one of the AE's.

After the minimizing -val-ues aoPo,g'o... of a,PKi.. were determined from a given

set of experimental data, -the probable errors in the parameters were estimated as fol-

lows. The function fis e: xpanhded as; a Taylor Series in the fte..ghborhood of the minti-

mum. This gives

= (cY1oPo,0)o...) (Vo () (a) + (19) (,V) + ( 42) ) + ..*** n) 6)

+ ~ _0)2 + (&5 J)2 +4 * (10)

Now, at the minimum in f tl-he first deivatives all vanish. Therefore, if' in Eq, (10)

we hold all parameters cornstant but one, we obtain equations of the form

4-( 0 A 0 4 0 ,)~ Z A ) * (11)

Furthermnore, the accuracy of' the experiments est',ablishes an upper limit on allowed va-

luem of'~ This limit is defined by

exp k 'b O (12)

where BF is the uncertaii:mty in the measurement of F. Accordingly, a good estimate of

the uncertainty tQ.o in CIO is obtained by solving for 4(x in the equation

'~ep ( 0  0 0 .) () () * (13)?ep ~ 2 2o'(
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This yields the result

I/2
La * O 24/Q)o 1 (14),

with similar equations for the other parameters.

The second derivatives at the minimum were estimated numerically from tabulated

(I values, assuming that f is a parabolic function of each of the parameters in the

neighborhood of thc minimum. The results reported herein are then given as

a= io + ( 0), etc. The assumption that " is a parabolic function appears to be good

in the three-variable cases. In the five variable results, however, the surface near

the minimum appeared more like a long, narrow trench, so that the maximum possible er-

ror in the most uncertain AE is much larger than the computed probable error.

Throughout the calculations it is assumed that the experimental errors of about

+10 in the temperatures Tk are negligible. This is justified by the relatively small

changes and large errors in <J and ;> over the large temperature ranges investigated.

Infrared Experiments

In the determination of the W's between rotational isomers from vibrational spec-

tra, the optical density A is measured for an absorption band of each isomer. The def-

inition of A follows from the Beer-Lambert law,

A = ln(Io/I) = Cd , (15)

where Io and I are the intensities of the incident and transmitted radiation, # is the

molar extinction coefficient, C is the concentration of absorber in moles/cm, and d is

the cell thickness in cm. For compounds having two equivalent gauche forms and a

trans, the ratio of optical densities may be written as

A C x 2~
A 4t (16)

At 4(t (t 't

The A's are obtained directly from experiment. However, b-fore 4Z may be determined,

it is necessary to know #(g/ t, the ratio of the extinction coefficients. This is ac-

complished usually' by observing A /A at two or more temperatures.
gt
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An alternate method, which we used, is to change the relative concentrations of

the rotamers by changing the solvent, at a fixed (room) temperature. This method is

applicable only when there is a difference in the dipole moments of trans andigauche

forms so that a more polar solvent increases the concentration of the more polar rota-

mer, and vice versa. Partial differentiation of the numerator and denominator in

Eq. (16), and rearrangement, leads to the equation

S (6A /hx)- AA Ax

#t A t /xt Mt gx 9

But xt + x,- 1 and x = -AX. This enables us to rewrite Eq. (17) as
9 g

IK9/t * /&At (18)

and to combine it with Eq. (16) to ,ive

exp(-AgI!E/r) = -(Ag/At)(At/AAg) , (19)

in which all parameters but bE are measurable. This derivation assumes that the ex-

tinction coefficients and a are independent of solvent, and at least the last ass ump-

tion is none too good.

IV. Experimental Results

A. CHCICHCl2

,H).- The coupling constant in pure liquid s-tetrachloroethane was obtained

from the satellites produced in the proton spectrum by the C4-H coupling in the

C13-C1 2 isotopic species.'8  A doublet which is half of an ax type spectrum' 3 is vis-

ible on each side of the single line from the C'2-C'2 molecules, and the doublet split-

ting is (JHH . The values measured over a range of temperatures are listed in Table I

and they are plotted in Fig. 2.



Table I. The temperatuire dependence of(J In

<1/,,> observed in liqulid CHIlgCHC1g.

Temperature Temperaturea

2380K 2.67 t 0.07 apt 2660K 77.10 ±0.20 CPS

263 2.4 + 0.08 296 77.80 + 0.12

264 2.90 + 0.07 333 78.37 ± 0.18

295 3.10 + 0.O7 375 79.07 + 0.18

300 3.06 ± .12 396 79.28 ±0.29

327 3.24 + 0.07 424 79.71 + 0.07

361 3.40 + 0.03 4R9 79.96 + 0.16

395 3.55 ±0.05

414 3.67 + 0.08

aThe chemical shifts were measured at 60 He with respect to an internal reference,

CHCls; the larger Shift at higher temperatures is an upfield displacement.
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Fig. 2. The temperature dependence of <J,,) and <Jini liquid CRCHM l h

chemical shift < >is upfield with respect to the internal reference, CHCl5 , and

was observed at 60 Mc. The best-fit lines drawn through the experimental points

were calculated with Sq. (7). The values derived from the calculations are

j =(+)2.01 + 0.08 cps, ~iI W1+)6-35 +0.80 CPS)

t t

. 11 l4.0 +l.6 cps, 4 = +1100 + 35 cal, from <JE ) gad( >t-

respectively.
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in this compound, the two rotaiaers with the hydrogens gauche to one another are equiva-

lent. Therefore, Eq. (7) was used to fit the temperature dependence of JHH), with the results

given in Fig. 2. It is important to note that the denominator of Eq. (7) is not "symmetrical".
AH H

Therefore, the data cannot be fitted equally well by interchanging the values for J and J

with a change in the sign of AE. The analysis establishes unambiguous values for the three pa-
rameters, except for the usual uncertainty in the absolute sign of the J's.

<;H> .- The temperature dependence of < Hwas obtained by measuring the position of the

single line from the C12-C12 molecules with respect to that from 5% of an internal reference,

CHCi 3 . The proton resonance in CHCl2CHC12 is about 80 cps upfield, at 60 Me, from that in

CHCMs, and this difference increases by a few cps at higher temperatures, as shown by the ex-

perimental data listed in Table I. CHC13 was chosen as the reference because of the probabil-

ity that hydrogen bonding, as well as the equilibrium between gauche and trans forms,

contributes to (V1p and its temperature dependence. The importance of hydrogen bonding was es-

tablished by measuring<,'H> with respect to both (CH3 )4Si and CHC13 at two quite different tem-

peratures in a solution containing 2 to 5% of each reference. The change in <k'H> with respect

to (CH3 )4Si was foud to be +5.8 cps while that with respect to CHC13 was only +1.8 cps.

The effects of the equilibrium between rotamers could be separated from those of hydrogen

bonding, or other interactions, by observing ()/> in a dilute solution with an appropriate solN

vent. But this would affect AE as well.. which is another type of problem. However, one would

expect CHC13 and CHCl 2 CHC1 2 to be similar in their hydrogen bonding properties, so that the

temperature dependence of' VH) with respect to CHC13 my depend primarily upon the equilibrium

between rotamers. Therefore, the data were fitted by the <H> equivalent of Eq. (7), with the

HH
results shown in Fig. 2. It is seen that )tH is upfield from u). The agreement within exper-

imental error of the 4S value (1100 cal) from(.H) with that (1085 cal) from JH) could be

fortuitous; nonetheless, it looks good.



B. CHCI2CHFg

JM) This compound is similar to CHC12 CHCI 2 in having two equivalent rotamers

in which the protons are ga.uhe. The two protons and two fluorine nuclei constitute an

an abx2 system
" '3"9 such that the rotational averaging makes the two fluorines (xa)

magnetically as well as structurally equivalent. General expressions have been re-

ported for the transitions and intensities in an abx2 spectrum.'
8  In our example, the

proton spectrum consists of two overlapping 6tripletsO. That at lower field has a

large splitting and thus arises from the CHF2 group. Upfield by about 10 cps, at

60 Mc, from the cemiter of the first 'tripleto is the second proton "triplet* with a

smaller splitting and hence from the CH-CFg grou;. In addition, each component of both

atripletS" is a close doublet because of Splitting by <JHH>. The central part of the

spectrum is distorted greatly by mixing of the spin states. A detailed fit of the room
HF

temperature spectrum gave the following values: A&V 10 cps, ( )J = (+)55.0 cps
H gem

(in CHF2 group), (JH (+)7.75 cps (in CH-CF 2 group), and JHH) = 15q5V cps. The

two outermost components of the CHF2 triplet, which correspond to MF - +1, are virtual-

ly pure doublets whose splitting gives <JHH> directly. The complexity of the rest of

the spectrum limited our present measurements to (JHH ) the results for which are given

in Table II. The fitting of these data by Eq. (7) is shown in Fig. 3.

HF HF
(Jg .> and ,JvIc).- The F'9 resonance of CHCl2CHF2 is virtually identical with

that discussed at length in Section IV.E. on CHCl2CHFCl, consisting of three pairs of

lines with a common center. (The x2 spectrum of an abx 2 system is given by the same

parameters as for an abx system. )12 19 The outermost pair is the strongest, with unit
HF HF

intensity, and their splitting is assigned unambiguously as Igm + HFid This

proves that both H-F coupling constants are of like sign, as listed in the previous pa-

ragraph. It should be rather easy to analyze the temperature dependence of the fluor-

ine spectrum, as described for CHCl 2 CHFCl, but this was not done.



Table 1I. The temrperature dependence of <JXH>

obderved in liquid CH0lgCHFg.

Temperature Temperature

2100K 5.09 ±0.03 cps 328QK 3.59 +0.06 cps

239 3.24 + o.06 363 X.68 + 0.09

267 3-38+ 0.08 393 5.72 + 0.06

296 3.47 ± 0.06 424 3.79 ± 0.11

298 3.46 + 0.06 458 3.84 + 0.09
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200 300 400 500

T, OK

Fig. 5. The temperature dependence of JHHg in pure liquid CHC1 2 CMF8 . The solid

line through the experimental points was calculated with Eq. (7) using the best fit

parameters = Z - +495 40 cal, J (+)2.01 + 0.09 cps,

itM- (+)10.25 ± 0.40 cps.
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Infrared.- These results are suzarized in Table III. Analysis of the room tem-

perature infrared spectrum of the liquid led to the assignment of a C-F stretching band

at 1155 cm 1 to the Oahe rotamer and one at 1095 cm-' to the tzs. The ratio of the

extinction coefficients was obtained by measuring the optical densities of these bands

in two pairs of solutions, 2% and 4% by volume Of CHC12CIF 2 in CHCl and in CS-. The

optical densities of these bands in the pure liquid then led to a value for

bs Zt a 9 of +350 + 50 cal.
9i

C. CFgCCFCl 2

General Aspects.- This compound is similar to the two preceding in that of the

three forms shown below, two (1 and 3) are equivalent gauche forms. The trans, rotamer,

2, is defined as that in which the C1 of the CFlCI group is trans to the F of CFCla.

(I) (2) (3)

3quation (7) applies to ($/F?, the averaged shift of the fluorine in the CFCl 2 group.

However, a somewhat different equation must be used for (aF), the shift of the two
F,

fluorines in the CF2Cl group, and for ~jvic>' the coupling between the CFClg fluorine

and each of the two CF2 C1 fluorines. The need for a new equation results from the non-

equivalence within a given gauche molecule of the two fluorines in the CF3 Cl group;

however, the equivalence of the two gauche forms and the rotational averaging make

these two fluorines identical. Because of this we have
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Table III. infrared results used in determining

bg for Pure liquid CH[C1 2Clw 2.

Solvent Optical densities for pare liquid
pairsa ~ A 9at 1155 cm_1  At at 1095 cm 1

CHC13-C82  0.205 0.308 o.2457

CHC13-CS2  0.3.83 0.35 0.586

aThe ratio of extinction coefficients was obtained v ia Sq. (18) from measure-

ments of A and A in two soluti~ons of CHC3-2CRP2,onind 3 adteotr9 t oei H1 n h te

in CS2. The first ratio is from. 4$ sol~utions; the second, 2%.

bThe two sets of data are from samples of different thickneus.
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FF FF FF

JF F F F FF J +J exp(m&!/PT) +Jt'
(j (x/2)J + (x /2)Jt,

vic a9x a 2x =  + tg' 2 + exp(ila/R)

(20)

where AE I Et - R . The subscripts on x and E denote the rotamer; and those on J. the

structural relation between F and F (I or 2).

X FFin general, one would not expect jgFF and J., to be identical even though F a and

F are gauche to one another in both cases. This is because J FF (dnprimed) is a
x FF g

gaupbe parameter in a gauche rotamer, . or 3, while J., (primed) is a gggche parameter

in the tran s rotamer, 2. Undoubtedly, there are some differences in bond angles and

other aspects of the electronic structure of the two rotamers, which in principle would

cause at least small differences in the coupling constants. Therefore, Eq. (20) and

its analogue for<IaF) involves four unknown physical parameters. Nonetheless, the

functional form is identical with Eq. (7) and only three parameters may be obtained di-
FF FF

rectly by analyzing the temperature dependence of 0Jvi.); these are AX, J,, and
FF FFg)

(J FFt)/2. Similar considerations apply to <.I,/

FF
vii)" The fluorine spectrum of this compound is virtually of the a2 x type; 2 ' 3

and consists of a doublet (%1:1) for the CF2CI group and an upfield triplet 1:2:1) for

the CFC l2 group. The chemical shift between the two sets of fluorine,

F<_?F.F> ;0 150 cps at 40 Mc, iS over fifteen times as large as the intergroup

coupling, <J vic)% 9 cps. Therefore, even though there are small deviations from the

first order intensities, the splttings of the doublet and of the triplet are an accur-
FF

rate measure Of <J vic" Values for it are listed in Table IV for temperatures between

2360 and 4711K. These results have been fitted using Eq. (20), as shown in Fig. 4, and

the best values obtained for the parameters are 3 - E - E = 2760 + 120 cal,
FF FF FF g

Jg, = (-)21.17 + 0.13 cps, and = (+)18.86 + 0.1.3 cps. The latter leads to a
FF F?

value of (+)40.03 + 0.13 cps for Jr' if one ass1mes that j. - jg,

<VaF) and /V .- The equivalence of the two fluorines in the CF2 CI groupFF

makes unobservable their coupling, J gem). Or the other hand, the chemical shifts

)xF )and( iaF# of the two sets of fluorine are given with sufficient accuracy by the



Table IV. The temperature dependence of~ and o f

(.jF and <V F> obevd i i F1C~

F?
Temp. jTempi F~

OK cps OKcps cps

259 9.41 + 0.04 252 2892.1 2724.9

270 9.57 ±0.06 267 2886.5 2722.6

295 9.30 ±0.05 295 2881.1 2721.1

330 9.17 +0.05 328 2874.5 2718.2

366 9.06 + 0.08 362 2868.0 2715.5

397 8.92 +0.07 396 2858.4 2710.1

431 8.84 ±0.05 433 2850.5 2705.4

470 8.59 + 0.7 4,70 2839.9 2698.5

'The chemical shifts were measured at 40 Me with respect to an internal refer-.

ence, CFCl 5 ; the standard deviations of' the shifts are all about +0.06 cps.

The larger shifts at lower temperatures are upfield displacements; moreover,
F>for CFCl 2 is upf ield from <~> fo CFC



9.50 -- ---

9.25-

9.00

Cs

8.50-

200 300 400 500

T ,-

FF
Fig. 4. The temperature dependence of e in pure liquid CFWCICFC12. The line

throuh th eprimental points was calculated with -g hiep q. (20), using the best fit va-

1ues hS - X -6 +260120 cal, J ,(")21.!T0.13 cps, and
FTFF t g_

(J5 +;, -a (+)18.86 ± 0.13 cps.
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center line of the triplet and by the midpoint of the doublet, respectively. They were

observed as a function of temperature with respect to CFClS as an internal reference; 2 0

the results are sumarized in Table IV. it has been pointed out that the resonance po-

Sition of CFCl is concentration dependent.1 ° This suggested that there might be tem-

perature dependent shifts resulting from changes in the concentration of CFCl 3 because

Of its high volatility (bp = 24.10C), even though the sample tubes were sealed. How-

ever, the total change found, at, 220C, in Fand <xS) for solutions ranging from 1

to 10% in CFC1s was only about 0.3 cps, which indicates that such effectS were

n agligible.

The data for (J and (I), have been fitted by the chemical shift versions of

3q. (7) and Eq. (20), respectively, and the results are shoun in Fig. 5. No errors are

given for the parameters calculated from (sx) because the best fit of the data gives a

least squares sum larger than that of the data, i.e. f min = 3.2 > =exp - 2.0 in

Eq. (13). Thus, systematic error is present in the data or in the analysis. Further-

more, there is a rather large discrepancy among the three bs values: 2760 + 120,

2000 ± 10, and 2675 cals, from <FFF, and<;)aF) respectively. A likely cause

of these anomalies in the chemical shift results is molecular association. Therefore,

an analysis was made of the internal shift <; F - <V F \ with the hope of cancelling

some of the deviations. This gave an intermediate value, 2300 + 10 cal, for t6 but the

large value of 18.9 forfmin shows that the fit of the data is even considerably worse

than for (sx >, leading us to conclude that systematic errors occur in both sets of

data, but in opposite directions. This was borne out by an analysis of the shift sum,

> + 1/aF> which gave a value of 2220 cal for 4X and a fit of the data almost within

the experimental error, i.e. 4min - 5.
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Fig. 5. The temperature dependence of the FIO chemical shifts in liquid CFBC1CFCl 8 .

The shifts, observed at 40 Mc, are upfield with respect to the internal reference,

CFCl 3 . The lines through the expe-imental points were calculated with the

equivalents of Eqs, (7) and (20) for and (a?, respectively, using the best-

fit values =Z- - _ +-2000 + 10 cal, Y (Fx) = 2899.0 + 0.3 cps,t g - (9

s - 1840 +- 10 cps, and 4R- 2675 cal, i, ,(Fa) w 1777 cpu,
-g x

[;)(F + ,to(Fa) 5452 cPs.
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D. Cftl2 CHCl2

JHF). - In the course of our work, Abraham and BernsteinM1 reported measurements

of ,JHr) in the 60 Mc proton spectrum of CFC12CHCl 2 , as a function of temperature.

They used graphical methods to fit their data with the equivalent of Eq. (7) and ob-

HF - -HF
tained values of AE f t  - g - +400 cal, J F a 1.03 cps, and t - 18.08 cpa. Here,

the designations of the rotamers correspond to the spatial relations of the H and

F atoms. However, the values for <Jr) calculated with these parameters show2 I mall,

but systematic, deviations from experiment, and probable errors were not given for the

parameters. For these reasons, as well as the similarity of the compound to those re-

ported here, we analyzed their data which is of particularly high quality because the

spectrum lends itself to use of the wiggle-beat method to measure 'IHF>" Our results

are the following: bg - +400 + 4 cal, J -HF (+)l.00 ± 0.02 cps, and

=HF-k (+)18.20 + 0.08 cps.

3. CHC1 2CHFC1

General aspects.- This compound differs from those treated above in that the

CHFC1 carbon is asymmetric and, therefore, all three rotamers are non-equivalent as

shown below for one of the two optically active molecules. Accordingly, the nmr ob-

H H H

CA H Fc1

( I} (2) (3)

servables should be described by the general five-parameter expression, Zq. (6). How-

ever, as a first approximation one might expect forms 1 and 3, in which the protons are
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gauche, to have more nearly the same energy than the irans form, 2. Similarly, one

would expect the gauche H-H coupling constants in I and 3 to be nearly the Same, as

well as the gauch H-F coupling constants in 2 and 3. These approximations were made
HP

initially in analyzing the observed values of and <J.) with the three-parameter

program. Five parameter analyses were made later.

<JH).- The nmr spectrum of the compound is of the abX type.2 I2  The proton

resonance consists of two partially overlapping ab-type quartets, readily assignable by

means of the symmetry required for each quartet. The proton resonance from the COO!

group is about 25 cps downfield, at 60 Mc, from that of the CHC1 2 group; the overlapping

of the quartets discouraged us from determining the small temperature dependence of the
HF

proton shift. The shift assignment is based12 on the fact that - ,Jg ) is several-fold

larger than .Jvc/" Within each proton quartet, <J.H) is the splitting between an out-

er and the nearest inner line, and this quantity was measured directly on the recorded

spectra. The temperature dependence observed for JHH) is given in Table V and plotted

in Fig. 6, which includes the best-fit curves calculated with both the five- and the

three-parameter functions, Eqs. (6) and (7). The results obtained are summarized in

Table VI.
/H/P HF\

(Jge. )and Jvic/.- The F19 resonance, at 40 Mc, is of particular interest in

that it exhibits all three pairs of allowed transitions.12  Furthermore, the strongest

pair of lines, with unit intensity, is the outermost. Their splitting is
HF HF 1

j e)+KJ \ic , which demonstrates unequivocally that the two H-F coupling

constants are of like sign. The other two splittings involve the difference between

the two H-F coupling constants, (JHH), and the chemical shift between the two protons.

The latter can be eliminated from the expressions for these splittings by introducing2

the value of <JHH) obtained from the proton resonance. Thus, measurement of all three

splittings in the F19 spectrum leads to values for the sum and difference of the two

H-F coupling constants, and thereby to values for each. In addition, the analysis

gives the chemical shift between the two protons, but the temperature dependence ob-

tained for it in this way proved too small and uncertain to be useful.



• 28 -

Table V. The temperature dependence of <J,,> and
HF

3 via > observed in liquid CHCl 2CFC1. a

HF
Temperatuare <~ j) Temperature <

2060K 3.01 + 0.07 cps 2120 K 9.86 + 0.11 cps

218 3.0- + 0.02 246 9.4 + 0.22

239 3.23 + 0.06 271 9.25 + o 4

267 3.51 + 0.02 295 9.07 0.13

275 3.55 + 0.06 323 8.98 + 0.17

296 3.64 + 0.07 327 8.94 ± 0.19

298 3.69 + 0.04 360 8.67 + 0.09

327 3.85 + o.o8 397 8.54 + o.1o

343 3.86 + 0.06 423 8.42 + 0.16

345 3.86 + 0.o6 424 8.59 0 0.12

362 3.93 ± 0.08 457 8.35 0 0.11

393 3.93 + 0.07 470 8.37 + 0.10

396 4.03 + 0.11

403 3.91 + 0.08

432 4.02 + 0.06

435 4.06 + 0.09

451 4.03 ± 0.09

469 4.11 + 0.07

HF

'The values for the H-C-C-F coupling, 
JVic' were obtained from the 713 spectra

and for (JHu) from the HI spectra.
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3.84- 9.5
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Fig. 6. The temperature dependence of JH and of vc in pure liquid CHCl 2CHFC1.

Thp solid lines through the experimental points are the best-fit, thr eparameter

funcions Eq.(7) nd E. (2),1asumig that the two gauche coupling constants are

equal and that the two rotamers with the protons glauche are of equal energy. The

dashed lines are the besl;-fit, five-parameter function~, Iq () The values of the

parameters are summrized in Table VI.
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Table VI. Results obtained from the three- and fivemparameter

analyses of the temperature dependence observed for

and( j in pare liquid McHC1 2CHF1.

b
3"paramf. 5-param. 3-paramft. 5-param,.
OpSOcpsa ~ aCal Cal

t H(g) +0.33 + 0.09 +1.63 + 0.15 2,0 0

J2 Mt +15.0 + 0.3 +16.5 +0.3 Ia325 + 20 40 ± 15

is HH(g) J,.H (g) -2.62 + 0.65 E3  11970 + 75

JY!(t) +38.0 + 0.2 +37.3 + 0.3 1,0 0

J2  (g) -9.58 + 0.12 +13.2 + 0.4 X9 360 + 15 110 + 10

J3 H (g) J2If (g) -2.8 + 0.4 13 E1 115 ±72

'The signs given for the coupling cnttsaeelivndtenoy for the H-H

and H-F constants separately,, with the largest arbitrarl taeIspoiie With

the same convention, tLe temperature independent value of >J >is +49.1 + 0.2 cps

with respect to the Vcvalues.

bThese results are to be compared with a value of -t R M +35±10alotie
9 7 6 Clotie

from our analysis of infrared data, which assumes that both Ogauche forms have the
maze energy or else that one is much less stable than either of the other two forms.
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Moreover, thi6 indirect procedure, as well as the relatively large splittings in-

volved, gives less reliable values for the coupling constants than direct measurements.HF
In any case, Jgem) was found to have a constant value of ( )49.1 eps within anIn ay cse, j +)491 Cs wthi anexperi-

mental error of +0.2 cps at twelve temperatures ranging from 212 to 4700K. The corres-
HF

ponding values for4Jvie) are included in Table V and plotted in Fig. 6. in fitting

the latter with three parameters, Eq. (20) must be used instead of Eq. (7) because the

H-C-C-F dihedral angle is rotated 1200 from that defining the gauche and trans rota-

mers. The results, as well as those from the five-parameter analysis, are summarized

in Table VI.

In the latter, the assignment of the E's and the corresponding J' s to the particu-

lar forms can not be made from the analysis alone, because the five-parameter equation

is invariant to the assignment. However, from the preceding examples of more symetri-

cal compounds in which the asymmetry of the three-parameter function provides assign-

ments, it appears that IJt > (Jg for both the H-H and HF vicinal coupling constants.
t HH

Therefore, rotamers 1 and 2 were assigned as those in which the magnitudes of Jvic and
HF

Ji are the largest, respectively, and rotamer 3, as that remaining. The AE's ob-
vi Ca

tained from the two sets of data agree rather poorly, and the assignments of J2 HF(g)

and J3 F(g) may be reversed. On the other hand, it is clear from the results for

(J H), the most reliable in Table VI, that the assumption of E1 g E3 in the three-

parameter analysis is invalid, even though the values calculated for the J's are rea-

sonable. This may be seen also in Fig. 6, in which the best-fit, three-parameter

curves deviate systematically from the experimental points. At best, it seems risky to

simplify the analysis of molecules with three non-equivalent forms by assuming two to

have the same energy.

Infrared.- These results are summarized in Table VII. Analysis of the room tem-

perature infrared spectrum of the liquid led to the assignment of a C-Cl stretching

band at 794 cm 1 to the trans rotamer and one at 820 cm 1l to the gauche. The ratio of

the extinction coefficients was obtained by measuring the optical densities of these

bands in four pairs of solutions. The optical densities of these bands in the pure
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Table Vii. Infrared results used in determining

ARZ for pure liquid CHCl 2 CHIl

41: bSolvent paira Optical densities for pure liquid

A at 820 cm At at 790 cm
"1

CeH12 -dioxane 0.362 0.446 0.406

CS2 -dioxane 0.412 0.169 0.159

CS2 -CeH12  0.216 0.165 0.154

CS2 -dioxane 0.233 0.185 0.163

0.182 0.16(

aThe ratio of extinction coefficients was obtained via Eq. (18) from

measurements of A and A, in solutions cf CHCl2CHFC1, at the same vol-

ume concentration, in each of the two solvents listed. The first
three ratios are from solutions containing 51 CHCIaCHFC1; the Xast,

20 .

bThe five sets of data are from samples of different thickness.



liquid then led to a value for &i = m . I of +375 + 160 cal. This result, incident-
t 9

ally, is independent of whether only one or both gauche forms contribute to the 820

cm absorption band.

F. CFgBrCFBrCl

General aspects.- This compound is similar to CHCl 2 CHCi in having three non-

equivalent rotamers and an nmr spectrum which is of the abx type. 2 ' 1 2 The rotamers are

identified as shown below. The nmr spectrum is from the CF2 CF group which, however,

b E

Brn of B r Ut at

F Br Fb

(I) (2) (3)

has lower symmetry than that discussed for CF2CICFC!8 in Section IV.C, and, therefore,

we will find the results in the latter to be helpful.

j .- The FX1 spectrum of the CF2Br group in CFIaB'FBrCl is the ab part of

the abx system. The Odoublets" within each of the two "pseudo-quarteti are readi-y
F,

assigned on symIetry grounds, the splitting of each doublet being (JgM).3P12 This

quantity was found to have a temperture indepndent value of 166.8 cps, within an ex-

perimental error of +0.5 cps in the temperature rane -49C to 1330 C.
F?\ F?\

K 1~)j(~1 )'andI<F 7 bJ* At temperatures of +50ftC and above,, with the

eight lines of the ab portion of the spectrum numbered consecutively from low to high

field, the doublets are 1-3, 2-5, 4-7, and 6-8. One assignment into quartets is 1347

and 2568; the other 1368 and 2547. However, the 2547 assignment overlaps the doublets

within the qaartet, which is impossible; so the first assignment is correct. The sep-

aration of the quartet centers, about 14 cps, is + a.x/
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The CFBrC1 part of the spectrum, throughout the range of temperature investigated,

is about 370 cps upfield (at 40 Mc) from CFaBr and consists of a 1:2:1 Otriplet" with

the center line an unresolved doublet. The 14 cps splitting of the outer lines is

and since it agrees wih the Separation of centers of the ab quar-
2 1K ax/ FF
tets, it must be the sum. This shows that JaX\ and <Jbx have the Same sign through-

out the temperature range in question, and enables the ab quartets to be assigned

correctly at temperatures below 220 C where their centers overlap.
The central splittings of the ab quartets and of the outer pair of x lines were

FF

measured as a function of temperature. The results, along with the value of <J.
FF F F gem/J

were analyzed as for CHCl 2CH-FC1 to obtain values for < sax') ~X/' an A'F

which are listed in Table VIII and plotted in Fig. 7. These data were fitted with the

five-parameter function, Eq. (6), giving the results listed in Table IX and the curves

drawn in Fig. 7. Again, there are systematic discrepancies in the chemical shift be-

cause for it the best fit givesmi = 2.5 Rexp = 0.8.

Assignment of the parameters to specific rotamers can be accomplished with cer-

tainty only in part. Matching of the X's from the three sets of data is unambiguous

except for the two values of E = 0 from I<4F)I ; the matching given in Table IX not

only follows the relative values of E but it is required in order that IJt FFI > \jFF 1

as we found to be the case in CF2 ClCFC12 . The greatest difficulty is that nelther the

spectrum itself nor the parameters derived from its temperature dependence differenti-

ate darectly between Fand Fb; i.e. rotamers I and 3 are indistinguishable. Some in-

formation is contained in the fact that the central splitting of the downfield ab

quartet is found to be larger than that of the upfield ab quartet. This asymmetry de-

pends upon the chemical shift of the fluorine (F or Fb) which is coupled most strongly
FF

to Fx . In combination with the finding that <-ax) and <jbx) have the same sign, this

leads' 2 to the conclusion that the fluorine (Fa or Fb) with the smallest value of
FF

<Jvic ) is shifted upfield from that with the largest value. But further information is

required to tell which is which, As at best a guess. it seems likely that in rota-
mer 2, the resonance of F will be downfield frcm Fb, and the entries in Table IX are

labelled accordindy.
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FF ?

of a observed in liquid CF2 BrFBri.

FF FFb

Temperature < Jax > KJbX > a

2-40K 13.32 0.10 cps 34.90 + O15 cpa 84.75 cps

238 13.32 + 0.15 1i.7o + 0.15 81.25

265 13.36 + 0.25 14.58 + 0.25 74.85

295 13.28 + 0.20 14.54 + 0.20 69.85

325 13.10 + 0.15 14.55 + 0.10 63.15

562 13.20 + 0.°5. 14.40 + 0.20 58.30

401 12.98 + 0.10 i4.28 + 0.20 55.95

433 12.86 + 0.15 14.18 + 0.10 50.75

466 12.80 + 0.15 13.92 + 0.15 46.45

aThe spectrum itself does not give the sign of the chemical shift nor does it
differentiate between d jFx) and . The spectrum does show that the lat-

ax bx'J F j h ve a s gter have the same sign; mcreover, it requires that I " Z have a sign

opposite to 4 F_ b'), as listed. In this regard, it is important to remember

that a larger positive number is an upfield (down-frequency) shift.

bThe standard deviations of the chemical shifts are all about +0.3 cpS.
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Fig. 7. The temperature dependenedoff< ), <1))' w of -- i

pare liquid CFaF bBrCF x rdl. The lines through the experimental points are the best-

fit, five-parameter functions, Eq. (6). Values of the parameters are *uinrised in

Table MX The standard deviations of the observe cheica hI bfts are vithin the

size of the potots plott ed.
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Table 31. Results obtained from the five-parameter analyses- of

the temperature dependence observed for <r (~
and <9 )F in pure liquid CF F BrzCF BzC1

ia b a b x

F?,oFF< - a Fk F c
-b NKax E bx> it ~

Rotaier cal cps Cal cps cal Cps

1 0 +38.7 ± 0.3 0 +5.3 t 0.2 0 +178

2 2695 + 42 5d -12.0 ± 0.3 605 + 20 -10.5 ± 1.0 645 -273

3 0 + 6 -8.9 11.2 230 + 10 +41.6 + 0.4 0 +75

'The signs given for all of the coupling constants are relative, the largest arbitrarily

listed as positive.

bThe assignments are based in part on the assumption that F-ibF ) is negative for rota-

mer 2. See text for details.

CA larger positive number corresponds to an upfield shift. The shift assignments for rota-

mers 1 and 3 are uncertain; they may be interchanged without affecting any of the other as-

signments. No errors are given because fmin > fexp"
FF

dThis value is particularly unreliable becaus <sX hne yol aot05caoe

2500 C temperature range, and this small change has to be obtained by indirect methods from

the s-pectra.
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G. CHX 2CH2 Y and CdgXCH2Y

Proton spectra were observed for Several compounds with bulky groups in the hope

that cases would be found in which the energetic preference for one rotamer would be
H

great enough to make the observed H-H coupling constant a good approximation for
H Jvi

in that form. Howuver, in four cf these compounds, the values found for Jvie were

virtually temperature independent and of a magnitude suppoiting the interpretation that

all three rotamers are of nearly the same energy. Nonetheless, the results which are

sumarized in Table X are of some interest as shown below.

HH
K vic in CHOMCR2(C00) and CMrgCH2Br. The proton spectra of the CHCH2 group

protons in these compounds are of the adx type,9 consisting of a 1:2:1 triplet with the

a2 1:1 doublet about 100 cps upfield at 60 Mc. The splittings within these multiplets

are Jvl ' and these are the quantities measured and listed in Table X. The over-all

symetry of the compounds is the same as that Of CF2ClCFC!2 , Section IV.C, and the same
RH

definitions are used for the rotamers. Furthermore, Eq. (20) applies to <J~vic' except

that the temperature dependence is too small to use the curve fitting procedures

adopted thus far for evaluating the three parameters involved.

In CNOBC92 (CO) there is a small, 0.05 cps, but apparently real, decrease in
HR

<Jvi, upon increasing the temperature from 2950 to 4020 K. Combining this with

Eq. (20) and the fact that the magnitude of JW >> J HH, we conclude that the energy. en
of the trans rotamer, 1, must be greater than that of the two equivalent gauche rota-

mers, 2 and 3; i.e. , t I E 2 - E3 = 9 . The trans rotmer is that in which the

tg
C110 proton is trans to (COO) in CH&(CO). Moreover, a good numerical approximation to

HH
48 " -3 can be obtained by noting that <Jv>ts very close to the values found in

cases where the rotational potential function has three-fold symmetry.'' 'as There-

fore, it is reasonable to assume 4J << RT. With the further reasonable assumption

HEH E
that J- Jgi' Eq. (20) can be written in the form

-
(- _ +--a 9- ff(21)
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Table 1. Th ml eprtr eedec f0Vc 13I *2J ) robserved

in soecmonso h 1XC2 n HX ytypes,

and the resultant approximate Values of b.Z P

Compound Temperature i H

CHRC1C.(C00) 2950K 7.21 + 0.05 cps +80 cal
402 7.16 + 0.11

CHlr2CH&Br 240 6.60 + 0.06 +35
295 6.62 ±0.05

398 6.59 ±0.05

C40CRRCl 295 7.48 + 0.08 -60

397 7.44 + 0.09

CNdc16Br 295 7.56 + .04 -0
398 7.50 ± 0.09

a~lof the measurements were made on -the pure liquids except OSCHM6(C0O)

which was in CHC13 solution.

is~~~ deie s -3,weetasrfers to the rotazer of unique form and

gauche to that having two equivalent form; values approximated vith Eqs. (21)

ad (214).
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by first taking the derivative of (J) with respect to temperature, dropping all but the

constant tern in the series expansion of exp(-&A/NT), and integrating.

The form of 1q. (21) does not lend itself to obtaining both t - Jd and bE from

the experimental data. However, our previous results give average values of 14 and 1.5

cps for Jt and J , the use of which in Eq. (21) should produce little error. The con-

stant I is eliminated by fitting Eq. (21) to data at two temperatures, In this manner,

we find for CIlMCH.(COO) that It -v +80 cal.
g HK

The data for CHBrgCI.Br show at most a possible slight decrease in J > with in-
vie

creasing temperature. Averaging of the data in Table X, for 2400 and 2950 K, and appli-

cation of Eq. (21) to it and to the data for 3980K gives a value for ZEt - 9 Z +35 cal.

It is seen that the assumption AS (< M is satisfied very well in both of these

compounds.

H
t J vi in CH2 OCH2Cl and C42%CH2Br.- The spectra of the aliphatic protons in

these compounds are of the a2 'b 2 ' type. In both compounds, the CH2% resonance is up-

field from that of the CH2X group, the shift being 35 cps in the chloride and 23 cps in

the bromide, at 60 Mc; this assignment is based upon the broadening of the CH& half of

the otherwise symmetrical spectrum by the coupling with the aromatic protons.

The protons in each CH2 group are structurally equivalent but magnetically non-
HE HE

equivalent, 3 "12 i.e. <j bj  except in the high-temperature limit when all

three rotamers are equally populated and then only if, as we will assume, the three

structurally different gauche coupling constants are equal, and the two trans. The ex-

pressions for the temperature dependence of the two vicinal H-H coupling constants have

the same form as EqS. (7) and (20), respectively, where AN w It Z 3 aW the trans ro-

toner is that in which 0 and X are trans.

Because J41 is small, the two vicinal constants differ only slightly numerically,

and the proton spectra are very nearly of the a2b2 type, shown in Fig. 6-13, p. 145 of

reference 2. Lines 1 and 3, as labelled there, are readily identified; their separa-
HH HE HH

tion Is <Jab) + <Jab,>; the measured quantity, half of which is defined as <Jvic> and

is givn In Table IX. Addition of the Eqs. (7) and (20) and application of the same
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ass mptions and procedure leading to Eq. (21), gives the general form

+IJt -Jgi + + (22)

Application of this equation to the two sets of datafor C40C ICl and for CKH203r,

yiel,.s values for AN of -60 and -90 cals, respectively.

H. CHXYCHYZ

In three compounds of this type., the relatively large values of j ' about

11 cps, as well as their decrease at higher temperatures, demonstrate that the rotamer

with trans hydrogens is the stablest form. The modest changes Of the Coupling constant

over the accessible temperature range are too small for evaluating all of the paramet-

ers but, as in the previous section, some reasonable assumptions permit AN to be esti-

mated. If we assume that the energies and the J 9 coupling constants are the same ing

the two non-equivalent forms with the protons gauche (J? is given by the form of

3q. (7) which has It as the zero of energy. Solution of this equation and rearrange-

ment so that AN is defined as before, namely Et - Z , gives

A- RT[in(Jt-<J) - in2((J)-J) , (23)

If we take the previously used values of 14 cps and 1.5 cps for it and J, then

Eq. (23) will give bU from the value observed for <J> at one temperature. This

result for 43 should lie between the values for the two gauche forms, if they are

different.

The compounds in question are solids which decompose at higher temperatures so

their proton spectra were observed for dilute solutions over a limited temperature

range. In fact, aseable spectra of (p-Br0)CHCICH(COO) were obtained only at room tem-

perature. The spectra of the HCCH group protons are "quartets' of the ab type, an4
E

<J c> is the splitting of the outer pairs of lines, which was measured. In

(CHs)BrCHCHfr(CnO), half of the "quartet was further split by coupling with the

CBS protons so measurements were made only on the other half. The experimental data as
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well as the corresponding values of AE calculated via Eq. (23) are suwnarized in

Table XI. There are two sets of data for two of the compounds so that in principle a

second parameter such as 2Jg/Jt could be evaluated as well as At. But this was dis-

couriaged by the smallness of d(J>/dT in Comparison to the experimental errors. More-

over, the apparent change in &Z with temperature could result not only from error in

• the assumed values for J a and Jt but also from changed in the dielectric Constant of

the polar, dimethylformamide, solvent) or in the soluteisolvent hydrogen bonding.

V. -Discussion and Conclusions

in spite of its length, this paper is primarily a survey of what may be acconp-6

lished by measurements and analyses of the types outlined. Certainly, we have not

sought to be comprehensive in studying the dependence upon rotational configuration of

either the internal energy, the electwvn coupling of the nuclear spins or the chemical

shifts in the substituted ethanes. Therefore, our discussion of the results is limited

to the more general aspects and implications.

A. The AS Values

The determination of A1's from the temperature dependence of the nmr coupling con-

stants and chemical shifts requires assumptions which may or may not be reasonable in

all cases. Therefore, it is encouraging to 'ind fair to excellent agreement not only

between AN's obtained from different nmr observables but also between the values from

nar and those from vibrational spectra, as shown by the results summarized in

Table XII. The best case in this regard is CClCHCl, where the value of

1100 ± 35 cal from <'Y,> agrees very well with the 1050 + 30 and 1080 + 40 cal from

(Jim) and the vibrational spectra, respectively, in spite of the hydrogen bonding which

we know affects VH>. Probably the woret case is CFMClCFCIZ, in which molecular asso-

ciation and/or the large experimental errors makes uncertain the Ll values from the

chemical shifts. But even worse than the large size and the 2000 to 2760 cal range of

the A's from the nmr data is their difference from the 50 + 150 cal value, of



Table X1. The values of <J)c gri observed in, some compounds of the

CMICY type, and the resultant approximate results for 69,.

Compound Temperature < vda

(p-Br)CHC1CHO(CO0) 2950K 10.82 + 0.10 cps -1,040 cal
in C82 + OOH

(CHs )CHBrCHBr(COO) 295 10.48 + 0.06 -960
in dimethyl formamide 363 10.06 ± 0.16 -1,060

CHB*HBr(CO0) 351.1 + 0.10 -1,170
in dimetbyl formamide 3 11.04 ±0.05 -1,350

a6 is defined as Et - 9 where the trans form is that in which the two protons

are trans values approximated with Sq. (25). Rach of the compounds has two

asymmetric carbons and can exist, therefore, as two different 44i pairs having

difr nt 43'sa. The actual isomeric composition of the saplstuidsno

known to us.
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table X11. Slauary of At' s obtained in several ways for some liquidj haloethanies which have two equivalent g&auc he torus.,

Compound ASource Compound AN Source

CHCl&CHCl 5  1050 + 30 cal CPC12CHCl2 400 + 4 calb

1100 ±35 420 + 130 IN

1080 + 40 U, dar C~gC1CPCl2 2760 + 120 Y

CHlgCNg 495 + 40 2300 + 300

350 ±50 lB (±+)350,-± 150(gas) IRN, Ram e

'Iis defined as I t Z where gauche designates the two equivalent ftors.

b~oreference 21 and our reanalysis of their data.

CR. Z. Kagarise, J. Chem. Phys. ~,680 (1950).

IA. Langseth and R. J. Bernstein, J. Chem. Phys. 8,410 (1940); And Also R. Z. Kagarise and

D. ff. Bank, Trans. Far. Soc. 48, 394 (1952).

e.. Kiaboc and J. Bud Nielsen, J. Molec,, Spectroscopyr 6, 379 (1961).
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uncertain sign, from the vibrational spectra. However, the vibrational analysis is

difficult, the observations are further complicated by thermal decomposition of the

sample, and finally the b-9 is for the gas phase and large changes in it often occur

with a change in state. i Further study of the compound is needed. The internal con-

sistency of the results calculated for CHCO2 Cli and for CF2 BrCFBrCl leaves consider-

able room for improvement. Many of the differences found in Tables VI and 11 reflect

inaccuracies compounded by the indirect manner required to obtain all but one of the

five sets of data from the spectra.

A detailed scrutiny of all of the At 'a obtained in this study reveals that the

usual two factors1 govern the relative stability of the rotational forms. For the

group of similar Compounds, CHaCHCl, CHCl 8OCM, and CFClCCl28 in Table XII, the

rotamer in which the two protons and, in the latter, the fluorine and the proton, are

gauche is that of lowest energy. This is counter to predictions based on steric con-

siderations alone. However, in these cases, the gauche formaS have the largest electric

dipole moment and the net stabilization of the form is attributed to the resulting di-

pole interactions in the liquid.' CHClCPC1, Table VI, follows the same rule in that

rotamer 1, with the two H's guh and the H and F trans not only has the largest di-

pole moment but alqo is the stablest form. However, the stabilities of the other two

forms are the reverse of their dipole moments but they do follow the steric

interactions.

At first glance, one might expect CFaClCFCla, Table XII, to be in the same class

as the four haloethanes just discussed. However, its molecular symmetry differs in

that the trans rather than the gauche, form has all of the smaller substituents adja-

cent. Therefore, steric as well as dipole interactions tend to stabilize the gauche

form. This addition rather than partial cancellation of the two effects may explain

the large a found; however, the difference in dipole moments and its contribution to

A is small. In CFaBrCFlrCl, one would expect the two effects to be in opposition be-

cause the trans form, with the three fluorines adjacent, has the largest dipole moment.

This is supported by the smaller value of about 700 cal, Table HK, found for 61 com -

pared with the 2500 cal for CFC1CFCl a .
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The remaining seven compounds, listed in Tables X and XI, all have AN's corres-

ponding to the stablest form being determined by steric factors. The rotamers of high-

est energy are those in which all hydrogens are adjacent. The dominance of steric

factors is supported by the fact that the four compounds in Table X, with three or four

ethanic hydrogens, have the smallest &' s, 50 to 100 cal, while those in Table Xi, with

only two hydrogens, have AE 1100 cal.

In general, nmr data offer not only versatile means for evaluating the An' s but

also they give reasonable results. Significant systematic error can occur in the use

of Chemical shifts; for the coupling constants, molecular association seems to be un-

important and the other likely source of error, averaging by torsional oscillations, is

not major.! )oreorer, with improved instrumentation"5 and a better Understanding of

the factors which can affect the results, nmr may well be the best method for aN stud-

ies in liquids and even in the gas phase. What is possible is suggested by the resul~s

for CFCl2CIC2 , for which Abraham and Bernstein
21 were able to measure <J over a

1500 temperature range to an accuracy of +0.02 cps. Our analysis of their data gives a

value for AU of 400 + 4 cal compared to the 420 + 120 cal obtained from infrared

studies.

In addition, it appears feasible to determine with some assurance quite small va-

lues of 49 and also the relative energies in cases where all three forms are non-

equivalent. The former, vija procedures such as those used in Section IV.G, requires a

reliable estimate for I' t - Jgi" At present, the accuracy of this is about 20 percent

for Jaw, which can no doubt be improved because the linear relation found between

(~i)and the electronegativity of X and Y in CHSCH2X and CESCEXY implis that similar

relations should apply for it U and J 9H. Thus far, less is known of JHF and J "p but

they seem to vary more than J HH so it is fortunate that the studies of them involve

large A's and generally large changes in <J> with temperature.

The determination of the relative energy for all three forms of ethanes with an

asyMetric carbon is a tour de force difficult bY other methods. Probably as such can

be learned by studying simpler compcunds; however, results such as those for
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CF2 BzCPrBCl when obtained more accurately may be of value in separating the various

contributions to &I. In concluding this section, it should not be forgotten that there

are assumptions common to the nmr and vibrational analyses. The most important of

these are probably the neglect., in cor-nection with Eq. (3), of differences in the par-

tition functions Qn, excluding the internal rotation coordinate, for the three rota-

mers, and the assumption that AE is itself temperature independent.'

B. The Coupling Constants

Our results for the rotational dependence of the coupling constants are summarized

in Table XIII. One feature common to all three types of constants, J-, JF and JF

is that }Jtj > IJ which corresponds to the fact that in ethylenic compounds

jt I > IJcis 4 Furthermore, there are instances in which they are of opposite sign

as well as of the same sign.

Approximate values of J. have been reported for four substituted ethanes by Shep-

pard and Turner.1 6  in the one molecule, CHCl2 CHCl2 which we have studied also, our va-

lues of J HH z ()2.01 + 0.07 cps and J, HH- (+)16.07 + 0.8 cps for the pure liquid are

to be compared with theirs, 2.5 ± 1 and 14 + 7 cps respectively, for the compound in

solution. Valence bond calculations for the ethanic fragment HCCH, with tetrahedral

KCC angles, have given the dependence of JHH upon the dihedral angle 0 to be
!4

AHH A co° 2 0+ B= 9cos 2  0.3, (24)

which agrees qualitatively vith cur results. However,. there is the quantitative dis-

crepancy noted at the time of the calculatioas in that the values predicted are signi-

ficantly less than those obf.erred. A weighted average of our results for J 
HH and JtH H

leads to A t 17 cps and B = c, ups instead of the 9 and -. 3 cps given in Eq. (24).

And, of course, it is not knovn whether the signs agree for the experimental and theor-

etical coupling constants.4e
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Table XIII. Sumar of coupling constants.a

Compound J IT b
9 t gem

cps cps cps

H-H Coupling

CHC12 CHC1 2  +2.01 + 0.08 +16.08 + 0.8

CHClgCHFg +2.01 + 0.09 +10.25 ±0.4i

CHClgCIOMCl +1.63 + 0.15 +1645 + 0.3

-2.62 + 0.65

H-P Coupling

CFC12CHC12 +1.00 + 0.02 +18.2 ± 0.08

CHCl2CHFCl +13.2 + 0.4 +57.5 + 0.5 +49.1 + 0.2

-2.8 + 0.4
CHClRCHF2 (J -+5.

(250) vi)=+7-75 <gem> +5.

F-F Coupling

CCFC12C -21 + .1 +40.03 :t 0.15

CF&BXCFDrcl +5.3±0.2; -8.9+_11.2 +38.7 ±0.3 1166.8 :t 0.51
-12.0+0.5; -10.5±1.-0 +41.6 + 0.4

aThe relative signs given for the coupl'n constants applyoltoecparf

nuclear species within each molecule; the largest value for the coupling be-

tween each pair is listed arbitrarilyam.

bThe values given are independent of temperature within experimental error.

F?
I1t is assumed that in aJ

g _



In monosubstituted ethanes, where symmetry requires that <j (1/3)(Jt+2Jg), it

has been found that"

8.4 - 0.4 , (25)

where I is the Huggins electronegativity of the substituent. The limiting, =completely

averaged.' values for J1H in the three tetrasubstituted methanes of Table XIII,

CHCl2C C12 , CHCl2 CHFCi, and CHCigCHF2 , are 6.70, 5.17, and 4.76 cps, respectively.

While these values do not follow a linear relationship such as sq. (25), their qualita-

tive Similarity is Shown by the monotonic decrease withZ iEi, the sum of the substitu-

ents' electronegativities. No doubt bond angle changes as well as other substituent

effects are involved.

On the basis of our limited data, the H-F and F-F coupling constants appear to

undergo larger fractional changes with substituents than does Jm. In connection with
HF

the theory of the coupling, it is of interest to note that not only are Jgem and Jt

both large, but they are undoubtedly of the same sign. Unfortunately, none of our re-

sults provide any sign inter-relations among the H-H, H-F, and F-F sets. The values

found for J and Jt FF support the "cancellation" hypothesis advanced some timeFF
ago3 '2 7 for the observation that in compounds such as CF3sCF2 CF"_ X, <Jvic> often is

F?
close to zero although J. > W 10 cps. A present finding which is somewhat of a sur-

HF' FF
prlse is the apparent temperature independence of Jgem )and (Jge.>. The different ro-

tamers of a molecule should have at least small differences in the HCF and FCF bond
HH

angles and, by analogy to the known sensitivity of J to the HCH angle, 8 the ex-
gem PFHP FF _

pected result is a small but detectable teperature dependence of <J and <J

Further analysis of the matter is needed.
Related somewhat to this question is the matter of the factors governing differ-

ences in JS and in J i in non-equ-t',alent rotamers of a given molecule. For example,

in CHClCNIl there are two values of j HE and of J HY. Angular distortions from tet-
- g

rahedral should, on the average, be proportional to the relative energies of the rota-

ers. So, it may not be coincidental that for both J HK and J HF the sign of the

coupling changes upon going from a rotamer of lower energy to one of higher, as shown

in Table VI.
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C. The Chemical Shifts

Our limited results for chemical shifts are disappointing in their confirmation of

the anticipated, adverse effects of molecular association. Such effects not only de-

crease the reliability of the &E's but also of the shifts determined for the individual

rotamers from the temperature dependence of<i. This is unfortunate because the lat-

ter is much larger than that Of the coupling constants and is correspondingly easier to

measure accurately. Nonetheless, the results summarized in Table XIV do exhibit an in-

teresting regularity. For CHCl 2 CHCi 2 , the form with the proton resonance farthest

downfield is that with both protons adjacent. Similarly, for CFgClCFCl 2 , the reson-

ances of both sets of fluorine are farthest downfield in the rotamer, defined as trans,

in which all three fluorines are adjacent. in both compounds, the rotamer with the

downfield shift(s) is apparently that in which the vicinal substituents would produce

the largest net electrostatic interaction effect 3 'j2 upon the resonances of the nuclei

in question. If supported by further studies, such correlations should prove useful in

establishing unknown molecular configurations.
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Table XIV. BwmmAry of chemicdal shifa

Compound Nucleus
g Pt

CHC18CHCl2 H 75.0 + 0.2 cps 114.0 + 1.6 cps
CFP~C1CF~'C F 2899.0 + 0.3180.+0

x 180 + 1

F ai777 b 3675 b

"Lsarger positive numbers are upfield shifts. In addition, Internal chemical
shifts are given in Table! IX for CyaBZCFBrCl.

-~e yboles i' and V' refer here to th-e relative positions of F and F ing - - t a -- - x --the Molecule; also, it is assumed that **/ has the same value in the gauche
gand tzans rotemers.
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